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Euch specu la t ion  has surrounded t h e  p o s s i b l e  unsteady hydrodynamic f o r c e s  
which could be r e spons ib l e  f o r  t h e  e x c i t a t i o n  of w h i r l  i n s t a b i l i t i e s  i n  turbo- 
machines. However t h e r e  e x i s t  very few measurements of t hese  fo rces  which 
would permit  one t o  e v a l u a t e  t h e  m e r i t s  of t h e  e x i s t i n g  f l u i d  mechanical m a l -  
yses .  I n  keeping wi th  t h e  informal  n a t u r e  of t h i s  workshop we w i l l  p resent  
d e t a i l s  of a proposed t e s t  program f o r  t h e  measurement of t h e  unsteady f o r c e s  
on c e n t r i f u g a l  impe l l e r s  caused by e i t h e r  ( i )  azimuthal  asymmetry i n  t h e  vol-  
u t e  geometry o r  ( i i )  an e x t e r n a l l y  imposed w h i r l  motion of t h e  impel le r .  I n  
the second case  t h e  f o r c e s  r e s u l t i n g  from the imposcd w h i r l  motions wi th  f r e -  
quencies ranging from ze ro  t o  synchronous w i l l  b e  measured by means of a f o r c e  
ba lance  upon which t h e  impel le r  i s  mounted. This  work i s  present1.y being car -  
r i e d  orst under c o n t r a c t  wi th  t h e  NASA Ceurge Marshal l  Space F l i g h t  Center ,  
H u n t s v i l l e ,  Alabama (Contract  NAS 8-33108). 
INTRODUCTION 
In r ecen t  y e a r s  It has  been i n c r e a s i n g l y  recognized that hydrodynamic 
cross-coupli.ng f o r c e s  can cause s e r i o u s  r o t o r  dynamic problems i n  high speed 
turbomachines. Such problems have been experienced n o t  only i n  steam t u r b i n e s  
( R e f s . l , 2 ) ,  bu t  a l s o  i n  l a r g e  cumpressvrs (Refs. 3 , 4 )  and i n  high speed pumps 
(Ref. 5 ) .  Though o t h e r  i n s ~ a b i l i t y  mechanisms such a s  i n t e r n a l  damping o r  
non- i so t ropic  s h a f t  s t i f f n e s s  r o t o r  i n e r t i a  can be f a i r l y  r e a d i l y  cha rac t e r i z -  
ed t h e  same cannot be  s a i d  of t h e  hydrodynamic cross-coupling fo rces .  Various 
hydrodynamic flows have been i d e n t i f i e d  as p o s s i b l e  c o n t r i b u t o r s  t o  t hese  de- 
s t a b i l i z i n g  f o r c e s ,  Eear ings  and p a r t i c u l a r l y  s e a l s  can c l e a r l y  p lay  such a 
r o l e  a s  t h e  papers  i n  t h i s  volume a t t e s t .  But much l e s s  i s  known about t h e  
p o t e n t i a l  f o r  d e s t a b i l i z i n g  f o r c e s  a r i s i n g  from t h e  flows a s soc i a t ed  with t h e  
jmpel ler  and d i f f u s e r  of a  compressor o r  pump; t h i s  b r i e f  paper w i l l  be con- 
f i ned  t o  t h i s  i s s u e .  
The flow a s s o c i a t e d  wick t h e  i m p e l l e r / d i f f u s e r  i s  s i g n i f i c a n t l y  d i f f e r -  
en t  from t h a t  i n  a s e a l  o r  bea r ing  i n  t h a t  t h e  geometry of t h e  vo lu t e  can 
cause c h i s  flow t o  b e  s i g n i f i c a n t l y  non-axisymmetric. The work of Domm and 
Hergt (Ref. 6)  h a s  shown t h a t  t h i s  could g ive  r i s e  t o  a l a t e r a l  f o r c e  on t h e  
impe l l e r  even i n  t h e  absence of an o r b i t i n g  motion of t h e  s h a f t .  They der ived  
magnitudes f o r  t h i s  s t a t i o n a r y  l a t e r a l  f o r c e  based on a source  v o r t e x  model 
f o r  the impel le r .  I n  an  a c t u a l  impe l l e r  t h i s  l a t e r a l  f o r c e  may a l s o  con ta in  
un unsteady component a t  t h e  bl.ade passage frequency though the magnitude of 
t h i s  unsteady f o r c e  and the r o l e  i t  might p l a y  i n  the r o t o r  dy~arn ics  has no t  
yet been determined. More r e a l i s t i c  i t t ipeller models would be requi red  fo r  t h i s  
purpose. 
Recerlrly Colding-Jorpensen ( R e f .  7 .  see a l s o  t h i s  vulume) has exterideZ 
t h e  work of Domm and Hergt.  Iniposing an o r b i t i n g  motion un t h e  suu rce lvu r t ex  
model of t h e  impel.ler,  he analyzed t h e  r e s u l t i n g  r a d i a l  and t a n g e n t i a l  f o r c e s  
on the "impeller" and found tha t  p o s i t i v e  o r  w h i r l  e x c i t a t i o n  t a n g e n t i a l  f o r c e s  
d i d  indeed r e s u l t  from such an a n a l y s i s  and t h a t  the magnitudes of t h e s e  f o r c e s  
w e r e  s u f f i c i e n t  t o  have played a s i g n i f i c a n t  r o l e  i n  t h e  Space  S h u t t l e  high 
pres su re  hydrogen pump i n s t a b i l i t y  (Ref. 5 ) .  However the main ques t ion  here is  
t h e  v a l i d i t y  of t h e  s i m p l e  source/vortex model used f o r  t h e  impel le r :  f u r t h e r  
analyses wi th  aure r e a l i s t i e  i n p c l l e r  models w i l l  be require2  i n  o r d e r  t o  deter-  
mine t h e  l i m i t s  of v a l i d i t y  of such analyses .  O n e  u se fu l  intermediate modcl 
s h i c h  is s t i l l  f a i r l y  slnlple is  t h e  a c t u a t o r  d i s k  which has been suggested by 
t he  work of Chamieh and A c u s t u  (Ref .  8 ,9 ) .  
Other ana lyses  have sought d e s t a b i l i z i n g  t a n g e n t i a l  f o r c e s  i n  t h e  absence 
of v o l u t e  asynnnetries. Here w e  have two p o s s i b l e  mechanisms which have been 
suggested.  I n  an addenda t o  his paper on whirl-excitation forces i n  s e a l s ,  
Alford (1965) suggested t h a t  t h e  same mechanism would occur  i n  the t i p  c l e a r -  
ance  Ilows of steam t u r b i n e s  and o t h e r s  have f u r t h e r  ex f r apo la t ed  t h i s  t o  the 
t i p  clearance f lows i n  any turbomachine. The suppos i t i on  i s  t h a t  a l o c a l i z e d  
r educ t ion  i n  chc t i p  clearance would cause a l o c a l i z e d  decrease i n  the  torque  
shea r  stress w i t h  the r e v e r s e  occurr ing  on t h e  o t h e r  end of t h c  diameter. This 
would lead  t o  a p o s i t i v e  o r  wh i r l - exc i t i ng  t angen t i a l  fo rce .  
Secondly, Thompson (Ref. 3) has posed t h e  ques t ion  of whether such a 
force would arise due t o  t h e  pe r tu rba t ions  imposed on t h e  main f l o w  through the 
impe l l e r ,  Assuming q u a s i - s t a t i c  periormance f o r  each b lade  passage he us& a 
d e t a i l e d  flow analysis program t o  assess the d i s t r i b u t i o n  of f o r c e s  on t h e  
b l ades  of an impel le r  performing wh i r l i ng  motions. P o s i t i v e  e x c i t a t i o n  d id  
indeed occur  with some i m p e l l e r  des igns .  It is  not  however c l e a r  whether t h e  
q u a s i - s t a t i c  assumption i s  v a l i d  i n  t h e s e  circumstances.  
Ulrimately any review of t h e  e x i s t i n g  s t a t e  of knowledge such as we have 
given above reveals  a s ingular  lack of  hard experimental  d a t a  w i t h  which t o  
assess the  m e r i t s  of t h e  vari-ous analyses.  T h e  primary purpase of t h i s  paper 
i s  t o  stress the  facL that  much remains t o  be done be fo re  the  status of whirl- 
e x c i t a t i o n  fo rces  on impe l l e r s  can be  p u t  on a f i rm  foundat ion.  W e  a r e  pre-  
s e n t l y  embarking on an experimental  program whose i n t e n t  i s  t o  measure t h e s e  
f o r c e s  and t h e  remainder of t h i s  paper is  devuted t o  a b r ie f  d e s c r i p t i o n  of 
t h i s  f a c i l i t y .  
ROTOR FORCE TEST FACILITY 
The o b j e c t i v e  of the  f a c i l i t y  is  t o  impose know o r b i t i n g  motions of f re-  
quency Si on the basic  r o t a r y  motion of a number of t y p i c a l  c e n t r i f u g a l  pump 
impe l l e r s  ( r o t a t i n g  frequency, 3) and t o  measure t h e  r a d i a l  and t a n g e n t i a l  
f o r c e s  r e s u l t i n g  from this motiun. The co re  of the experiment i s  shown i n  

7ig. l .The flow e n t e r s  the c e n t r i f u g a l  impel le r (6) f rom t h e  i n l e t  connect ion(3)  
and i n l e t  b e l l ( 4 ) .  ~ o l u t e s ( 2 ) o E  va r ious  geometries w i l l  b e  used i n  measure- 
ments of l a t e r a l  fo rce  due t o  v o l u t e  asymmetry: t hey  a r e  contained i n  t h e  pump 
housing (1) so  t h a t  they may be  of l i gh twe igh t  cons t ruc t ion .  The i c p e l l e r  (5) 
i s  mounted d i r e c t l y  on a n  i n t e r n a l  f o r c e  balance ( 6 ) .  The main s h a f t  (10) 
r o t a t e s  i n  a double bea r ing  system (7,8,11) designed s o  t h a t  r o t a t i o n  of t h e  
sprocket  ( 9 )  causes t h e  o r b i t i n g  motion. I n  a d d i t i o n  t o  t h e  r o t a t i n g  i n t e r n a l  
ba lance  a back-up f o r c e  measuring sys tem(l2 ,13)externa l  t o  t h e  e c c e n t r i c  d r i v e  
system w i l l  a l s o  be used. Figure 2 ,  an o v e r a l l  schematic of t h e  mechanical 
system, shows t h e  main d r i v e  system comprised of a 20HP v a r i a b l e  speed motor, 
a  gear  box and a f l e x i b l e  s h a f t  (necessary t o  acconunodate t h e  o r b i t i n g  motion).  
This  w i l l  be capable of speeds up t o  35000 rpm (u  -t 6OHz.) F igure  2 a l s o  shvws 
t h e  e c c e n t r i c  d r i v e  motor (2HP) which can genera te  o r b i t  f r equenc ie s ,  R, 
from 0 t o  60 Hz. 
Pas t  experience w i t h  unsteady flow measurements has  emphasized t h e  need 
f o r  r igorous  dynamic c o n t r o l  of t h e  experiments.  I n  t h e  p re sen t  f a c i l i t y  a  
proxinlity probe senses  t h e  r o t a t i n g  frequency, w: t h i s  s i g n a l  is  then used 
t o  produce d i g i t a l  s i g n a l s  w i t h  f requencies  Mw/N, w/N, (N-M)u/N and 
(N+M)u/N where M and N are s e l e c t e d  i n t e g e r s  between 0 and 100 (MzN). 
The s i g n a l  a t  P ~ / N  is  then  used t o  d r i v e  t h e  e c c e n t r i c  motor such t h a t  
R= k ) / N ;  a  feedback c o n t r o l  system f i t t e d  t o  t h i s  motor ensures  a c c u r a t e  phase- 
lack ing .  I n  t h i s  way measurements can be  made over a  wide range of R / u  from 
zero  t o  un i ty .  
Pas t  experience has  a l s o  ind ica t ed  t h a t  t h e  unsteady flow measurements 
can be q u i r e  noisy  and t h a t  accu ra t e  r e s u l t s  r e q u i r e  c r o s s - c o r r e l a t i o n  of 
measurement and d r i v i n g  s i g n a l  over  many cyc le s .  I n  t h e  p re sen t  ca se  the  
measuremenrs may inc lude  (i) six-components of force measurement from t h e  
i n t e r n a l  balance o r  s e v e r a l  cumpments of f o r c e  from t h e  e x t e r n a l  ba lance  ( i i )  
a x i a l  and r a d i a l  displacement  of t h e  impe l l e r  from fou r  f i b re -op t i c  d i sp l ace -  
ment probes (iii) pres su re  t ransducer  measurements from l o c a t i o n s  bo th  up- 
s t ream and downstream of t h e  impe l l e r  a s  we l l  a s  w i t h i n  t h e  impel le r -volu te  
flow (iv) unsteady flow r a t e  measurement us ing  e x i s t i n g  l a s e r  doppler  ve loc i -  
meters  o r  e lectro-magnet ic  flow meters .  A s i x t e e n  channel d i g i t a l  s i g n a l  
processor  i s  used f o r  c ros s -co r re l a r ion  of t h e s e  measurements w i th  any of t h e  
b a s i c  f requencies  ( w , M f * r / N , w / N , ( ~ - M ) w / N  and (N+M)u/N) i n  o rde r  t o  e x t r a c t  
t h e  components of f o r c e  a t  any of t h e s e  fundamental f requencies  
o r  h ighe r  harmonics t h e r e o f ;  t h i s  c ros s -co r re l a t ion  can cover  up t o  10,000 
cyc le s  of t h e  fundamental frequency. 
The m o s t  c r i t i c a l  component i n  t h e  system i s  probably r h e  i n r e r n a l  b a l -  
ance and i ts  design i s  a s  y e t  unproven. One must ensure  high n a t u r a l  f r e -  
quencies  (>500Hz.) and y e t  maintaill  s u f f i c i e n t  s e n s i t i v i t y .  The p re sen t  can- 
d i d a t e  design c o n s i s t s  of fou r  p o s t s  p a r a l l e l  wi th  t h e  a x i s  which a r e  mono- 
l i t h i c  with two s o l i d  end p l a t e s ,  one a t t ached  t o  t h e  s h a f t  and t h e  o t h e r  a t -  
tached t o  t h e  impel le r .  These pos t s  a r e  s t rain-gaged i n  such a  way as t o  
e x t r a c t  a l l  s i x  fo rce  componenLs with s e n s i t i v i t i e s  of t h e  o r d e r  of mV/lb. 
The hydrau l i c  system i n t o  which t h i s  mechanical system i s  be ing  installed 
was previously u t i l i z e d  f o r  measurements of t h e  unsteady hydrau l i c  performance 
of c a v i t a t i n g  (and non-cavi tat ing)  ax ia l  flow pumps ( s e e ,  f o r  example Refs. 

1 0 1 1 )  S p e c i f i c a l l y  t h i s  involved f i n d i n g  t h e  r e l a t i o n s  between t h e  unsteady 
p re s su res  and flow r a t e s  a t  i n l e t  and a t  d i scharge  a s  a func t ion  of t h e  f r e -  
quency of t h e  unsteady components of t h e  flow and of t h e  mean flow condi t ions .  
A schematic of t h i s  system, known a s  t h e  Dynamic Pump Tes t  F a c i l i t y  (DPTF), i s  
included a s  Fig. 3 .  The mechanical system of t h e  Rotor Force Tes t  F a c i l i t y  
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Figure  3 .  Schematic planview of t h e  Dynamic Pump Tes t  F a c i l i t y  
p l ace  of t h e  impe l l e r /vo lu t e  system depic ted  i n  t h e  Fig.  3 .  The DPTF included 
two flow f l u c t u a t o r s  ( s i r e n  va lves)  w i th  phase-lock d r i v e  systems s i m i l a r  t o  
t h a t  descr ibed  above f o r  t h e  new e c c e n t r i c  d r i v e  system a s  w e l l  a s  instrumenta-  
t i o n  f o r  measurement of t h e  sma l l  o s c i l l a t o r y  p e r t u r b a t i o n s  i n  p re s su re  and 
flow r a t e .  I n  t h e  context  of t h e  p re sen t  experiment t h e s e  w i l l  aga in  be u t i -  
l i z e d  a t  a l a t e r  s t a g e  t o  i n v e s t i g a t e  whether flow f l u c t u a t i o n s  a r e  a s s o c i a t e d  
w i t h  impel le r  wh i r l  o r  whether they  can induce impe l l e r  wh i r l .  From a g l o b a l  
dynamic po in t  of view i t  i s  p o s s i b l e  t h a t  t h e  e n t i r e  system of f l u c t u a t i o n s  
(mechanical and hydraul ic )  may have t o  be represented  by a g loba l  t r a n s f e r  
func t ion .  
CONCLUDING REMARKS 
Though b e r e f t  of r e s u l t s  t h i s  paper i s  intended t o  h i g h l i g h t  t h e  l a c k  of 
experimental  evidence f o r  wh i r l - exc i t i ng  f l u i d  f o r c e s  a r i s i n g  from t h e  flow 
through turbomachines. We hope t h a t  t h e  experimental  f a c i l i t y  descr ibed  
above w i l l  be  va luab le  i n  provid ing  such evidence. 
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